Respiration rate (RR) is a physiological parameter that is typically used in clinical settings for monitoring patient condition. Consequently, it is measured in a wide range of clinical scenarios, notably absent from which is measurement using wearable sensors. With increasing numbers of patients being monitored via wearable sensors, as described below, there is an urgent need to be able to estimate RR from such sensors in a robust manner. In this chapter, we describe a novel technique for measuring RR using waveform data acquired from wearable sensors.
Introduction
The value of measuring RR is demonstrated by its use in a wide range of clinical scenarios. It is routinely measured from acutely-ill patients in the emergency department [6] , the intensive care unit [14] , and in hospital ward settings [29] . Furthermore, RR is used to assist in the diagnosis of specific diseases, including pneumonia [13] and sepsis, [34] , and with physiological conditions such as hypercarbia [5] and pulmonary embolism [9] . Measurement of RR using mobile sensors in hospitals would allow this clinically-significant quantity to be measured more frequently, allowing earlier identification of changes which may be indicative of acute deterioration. In the monitoring of patients in their own home, robust estimation of RR would assist with the A potential solution is to estimate RR from a physiological signal that is both routinely acquired by mobile sensors, and which is modulated by respiration. The electrocardiogram (ECG), PPG, and torso-mounted accelerometry signals are three such signals. All three signals are already acquired by mobile sensors for other purposes: (i) the ECG is used to monitor the heart rate, and to detect cardiac arrhythmias; (ii) the PPG is acquired during pulse-oximetry monitoring for measuring arterial blood oxygen saturation; and (iii) the accelerometry signal may be used for activity classification. In this paper, we consider the PPG signal for demonstrating the utility of our proposed probabilistic technique for estimating RR.
The strength of this probabilistic approach is that it provides RR estimates accompanied by a confidence measure. This is of particular utility for two reasons: firstly, a measure of the confidence of an RR estimate can be used to mitigate against the effect of noise on the final RR estimate. This is particularly relevant in the ambulatory setting where signals are highly susceptible to noise due to movement artefact, as illustrated in Figure 1 , or to sensors becoming partially detached. Secondly, individual estimates from multiple sources or sensors can be subsequently fused according to their associated confidence measures, leading to a more robust final estimate. The latter is important for ensuring that the technique can be used widely, with varying patient groups, since the level of respiratory modulation of physiological signals may differ between those groups.
